1-galactosidase production in the presence of ammonium. The gene upstream of nifA is therefore designated nifL because of its similarity to the Klebsiella pneumoniae nifL gene in proximity to nifA, in mutant phenotype, and in amino acid sequence of the gene product. The A. vinelandii nifL mutant MV376 excreted significant quantities of ammonium (-10 mM) during diazotrophic growth. In contrast, ammonium excretion during diazotrophy was much lower in a K. pneumoniae niJL deletion mutant (maximum, 0.15 mM) but significantly higher than in NifL+ K. pneumoniae. The expression of the A. vinelandii nifA gene, unlike that of K. pneumoniae, was not repressed by ammonium.
Free-living diazotrophs fix dinitrogen sufficient for their own needs and do not generally excrete significant amounts of ammonium into their environment; fixed nitrogen is released after death and lysis of bacteria. Attempts to induce ammonium excretion have up to now centered on physiological suppression or genetic manipulation of the enzymes involved in ammonium assimilation. Treatment of cyanobacteria with L-methionine-DL-sulfoximine, an inhibitor of glutamine synthetase (GS), resulted in the excretion of 0.3 to 7 mM NH4' into the growth medium (32, 33, 36) . Anabaena mutants resistant to L-methionine-DL-sulfoximine or the NH4' analog ethylenediamine excreted up to 1.6 mM NH4' (35, 43, 45) . Among eubacteria, ammonium excretion was reported to occur in mutants of Klebsiella pneumoniae defective in ammonium assimilation or transport (1, 8, 41) , in mutants of Rhodobacter capsulatus and Azospirillum brasiliense altered in the production of GS (27, 48) , in methylamine-resistant mutants of Azotobacter vinelandii (17) , and in ethylenediamine-resistant mutants of A. brasiliense (9, 27) .
Although little is known about the physiology and genetics of ammonium repression of nitrogenase synthesis in Anabaena, Rhodobacter, or Azospirillum species, these pathways and mechanisms have been extensively characterized in the free-living diazotroph K pneumoniae and, to a lesser extent, in A. vinelandii. Of central importance in both organisms (and other gram-negative nitrogen-fixing bacteria) is that a positively acting regulatory protein, NifA, is required to activate transcription of the other nif genes necessary for nitrogenase structure and activity. In K pneumoniae, ammonium represses nitrogenase synthesis by preventing either the activity or the synthesis of NifA by two separate mechanisms. The nifA gene is adjacent to and downstream of nifL, and these two genes are coexpressed (see reference 13 for a review). The NifL protein binds to and inactivates NifA when ammonium is present even at relatively low levels (greater than -5 ,uM). At higher levels of ammonium (greater than -200 ,uM), the expression of the nifL4 operon does not occur, so the NifA protein is not synthesized (29) . Transcription of nifLA requires the phosphorylated NtrC protein, which is dephosphorylated and hence inactive in cells grown with ammonium. Thus, the repression of nitrogenase synthesis by ammonium occurs at two levels in K pneumoniae, inactivation of NifA by NifL and prevention of nifA expression by dephosphorylated NtrC.
Nitrogen fixation in A. vinelandii is complicated by the presence of three biochemically and genetically distinct nitrogenase enzymes, each of which is synthesized under different conditions of metal supply (5) . The work presented here concerns the regulation of the conventional molybdenum nitrogenase, whose subunits are encoded by the nif-HDK genes and which is similar to the enzyme purified from a number of other nitrogen-fixing organisms. The nifHDK genes are located in a large cluster of nif genes which includes, in order, nipIDKTYENXUSVWZMF, somewhat similar to the nif gene cluster of K pneumoniae (19) . As in K pneumoniae and several other diazotrophs, the expression of niplDK requires the NifA protein as an activator (2, 38) . The nifA gene ofA. vinelandii is located upstream of the nifQB genes in a cluster which is not linked to the major nif genes (2, 20) . This organization is different from that in K pneumoniae, in which the nifQBAL genes are adjacent to nifF. Although ntrC is present in A. vinelandii as part of a glnA-ntrBC gene cluster, as in K pneumoniae, its product, NtrC, is not required for the expression of nitrogen fixation genes (46, 47) . Therefore, the mechanism of ammonium repression of nif gene expression in A. vinelandii is unlikely to include dephosphorylation of NtrC as one aspect.
DNA sequencing of the nifA region of A. vinelandii revealed a gene whose product was similar to NifA of K pneumoniae (2 Table 1 .
Media and growth conditions. Strains ofA. vinelandii were grown aerobically at 30°C in Burk's sucrose medium as described previously (46) . Liquid 25-ml cultures, contained in 125-ml flasks, were incubated on a rotary shaker (180 rpm). Competence medium (CM) was Burk's sucrose medium prepared without the addition of Fe and Mo salts. Luria-Bertani medium was used for growing E. coli. Antibiotics for selection of resistance genes on plasmids or in genomic transformants were added at the concentrations previously reported (38) .
K. pneumoniae strains were grown or derepressed for nitrogenase at 28°C. Anaerobiosis was maintained by bubbling either the growth medium with 1% CO2 in N2 (vol/vol) or the derepression medium with N2 or Ar. Diazotrophic growth cultures were contained in 15 ml of NFDM (3) in 25-ml bottles. Derepression cultures were set up with cells obtained from an 18-h culture grown in NFDM supplemented with excess (NH4)2SO4 (15 mM) and placed in 45 ml of NFDM in 100-ml bottles. Cultures were centrifuged, and the bacteria were resuspended (to an optical density at 600 nm of about 1.5) in 8-ml aliquots of either N2-or Ar-bubbled NFDM. Glucose, the carbon and energy source in NFDM, was replaced by glycerol (60 mM) plus sodium fumarate (100 mM) in some derepression experiments.
Isolation of an A. vinelandii genomic fragment carrying the region upstream of nifA. About 300 bp of the 3' end of a gene encoding a protein with partial sequence homology to the C termini of the nifL and ntrB gene products of K. pneumoniae had been cloned in pDB150 and sequenced by Bennett et al. (2) . To isolate and clone the entire upstream gene, we screened plaques from a lambda library of A. vinelandii genomic DNA for hybridization to a DNA probe labelled with [32P]dCTP. This probe was a 1.2-kb SalI-KpnI fragment from pDB150 which contained the 3' end of the nifL-or ntrB-like gene and the 5' end of nifA ( Fig. 1) [38] .) A restriction map of the insert in pAB21 showed that one end of the 12.5-kb EcoRI fragment had restriction sites corresponding to those reported for pDB150 (2) . Part of this fragment and the nifA-nifB region and subclones derived for this work are shown in Fig. 1 .
Methods for blotting and screening of the lambda library and for cloning of DNA fragments were standard procedures described by Sambrook et al. (37) and done in accordance with instructions provided by suppliers of restriction enzymes.
Construction of a nifA-lacZ fusion. Transposon TnS-B21 carrying lacZ and a gene encoding tetracycline resistance (Tcr) was introduced into E. coli carrying pAB8 ( Fig. 1 and Table 1 ) by infection with A::TnS-B21 (42) . Plasmid derivatives carrying Tn5-B21 insertions were isolated and characterized as described previously (49 Table 2 show that MV376 was Nif+ and expressed similarly high acetylene reduction activities both in N-free medium and in medium with ammonium at 15 mM, a concentration that repressed nitrogenase activity in wildtype strain UW136. Both MV378 and MV380 expressed ,-galactosidase activity from the nifH-lacZ transcriptional fusion in the presence of 15 mM ammonium. This activity was 30 to 40% that obtained in the absence of ammonium, while in the NifL+ strain, activity in the presence of ammonium was only 3% that in N-free cultures. On the other hand, nitrogenase activity in the nifL mutants grown in the presence of ammonium was equal to that in N-free medium. These results suggest that in the absence of fixed nitrogen, levels of nifHDK mRNA do not limit nitrogenase activity. The threefold difference in ,-galactosidase activity in the mutants in the absence and presence of ammonium may have been due to the much greater stability of nif mRNA under N-limited conditions, as occurs in K pneumoniae (10, 21 Table 1 .
revealed a protein with greater homology to K pneumoniae NifL than to NtrB (31 versus 24% identity) (6). We therefore named the gene upstream of nifA in A. vinelandii nifL. Ammonium excretion by nifL mutant MV376. Culture supernatants of wild-type strain UW136 and of MV376 grown on N2 were tested for the presence of ammonium. In contrast to UW136, MV376 excreted ammonium rather suddenly toward the end of exponential growth (Fig. 2) . The mean level of ammonium excreted in six MV376 stationaryphase cultures was 9.3 + 2.7 mM. Also, the pH increased as ammonium was excreted, reaching a final value of 8.5 (in contrast to a final pH of about 6.5 in the wild-type cultures). The final optical density of wild-type stationary-phase cultures was slightly but consistently higher than that of the nifL mutant stationary-phase cultures (Fig. 2) . The release of ammonium was not associated with the lysis of nifL mutant cells, since the count of viable MV376 cells was approximately the same as that of viable wild-type UW136 cells when assayed after the cessation of ammonium excretion in MV376 (both cultures contained 2 x 109 to 3 x 109 CFU ml-'). When a stationary-phase culture of MV376 that had ceased to excrete ammonium was centrifuged and resus- pended in fresh medium to the same density, ammonium was again released after 1 to 2 h of incubation, indicating that excretion was limited by nutrient supply or a high pH or had been prevented by the accumulation of an inhibitor in the medium.
The sucrose concentration in MV376 supernatants containing high levels of ammonium was half that contained in the starting culture (1 versus 2%), indicating that the carbon source was probably not the limiting factor preventing further ammonium excretion. More likely, the high pH in cultures of MV376 explains the cessation of ammonium excretion, because when KOH was added to late-logarithmic-phase cultures of wild-type UW136, nitrogenase (acetylene reduction) activity was inhibited at pH 8.5 but not at pH 8.0 or a lower pH. Equivalent additions of KCI had no effect on nitrogenase activity in cultures of UW136.
If the nifL-like gene in A. vinelandii inactivates the nifA gene product (NifA) in the presence of ammonium, as it does in K pneumoniae, then the overproduction of NifA might also result in ammonium excretion in this organism. The constitutive expression of K pneumoniae nifA from the aph promoter in plasmids pCK1 and pCK3 (high-and low-copynumber plasmids, respectively) complemented the Nif-phenotype of nifA mutants UWI and MV300 and also resulted in nitrogenase expression in the transconjugants of both mutant and wild-type A. vinelandii strains grown in high concentrations of ammonium (22, 23) . pAB10, a low-copy-number IncP plasmid (Fig. 1) To examine nifA expression in A. vinelandii, we constructed a nifA-lacZ fusion by inserting a TnS-lacZ derivative, TnS-B21, into pAB8 (see Materials and Methods and Fig. 1 ). The insertion site and orientation of Tn5-B21 in the nifA gene in the resulting plasmid, pAB12, were determined by restriction analysis (Fig. 1) (9) . As yet, a nifL gene has not been reported (or possibly has not been looked for) in diazotrophs other than K pneumoniae and A. vinelandii. Thus, a search for nifL and its mutagenesis in plant-associated nitrogen-fixing bacteria could be rewarding.
